Despite 2 decades of research, no clear function for annexin A1 (AnxA1) has been established. Using AnxA1-KO mice, we show that tumor growth and metastasis are significantly decreased, whereas rodent survival and tumor necrosis are greatly increased when tumors grow in AnxA1-KO mice. Systems analysis of gene expression in these tumors specifically implicates 2 related vascular functions, angiogenesis and wound healing, in this impairment. Both tumor vascular development and wound healing are greatly retarded in KO tissues. Aortic ring assays reveal induced AnxA1 expression on sprouting endothelial cells of normal mice whereas KO aortas exhibit impaired endothelial cell sprouting that is rescued by adenoviral expression of AnxA1. Key differences in specific gene regulation may define new molecular pathways mediating angiogenesis, including a reset profile of pro-versus anti-angiogenic factors, apparently distinct for physiological versus pathological angiogenesis. These studies establish novel pro-angiogenic functions for AnxA1 in vascular endothelial cell sprouting, wound healing, and tumor growth and metastasis, thereby uncovering a new functional target for repairing damaged tissue and treating diseases such as cancer. They also provide critical new evidence that the tumor stroma and its microenvironment can greatly affect tumor progression and metastasis.
A nnexin A1 (AnxA1) was originally described as an antiphospholipase A2 and glucocorticoid-inducible 37-kDa protein (1) and later cloned and identified as a member of the annexin superfamily of calcium-dependent phospholipid binding proteins (2) . Although the exact function of AnxA1 remains unknown, it likely plays an important role in inflammation, leukocyte migration and accumulation, and phagocytosis (3). Other functions have been suggested, including cell signaling, apoptosis, and membrane trafficking (3) . Yet AnxA1-KO mice are born without apparent developmental abnormalities that would support any singular or predominant function (4) .
Recently, AnxA1 was discovered by subtractive proteomic mapping to be selectively expressed in vivo on the outer luminal surface of tumor but not normal vascular endothelial cells (ECs), where it can interact with specific antibodies injected intravenously to allow tumor-specific immuno-targeting and imaging (5) . Targeted radioimmunotherapy greatly enhanced rat survival, even with advanced solid tumors (5) . Immunohistochemistry confirms selective vascular expression in human tumors. Here, we hypothesize that tumor-induced vascular expression of AnxA1 is functionally important for tumor development. Using KO mice, we show that AnxA1 expression by host tissues can significantly influence tumor growth and metastasis in vivo. Inability to express AnxA1 disrupts EC function in angiogenesis and the expression of specific genes that define distinct molecular pathways mediating angiogenesis and wound healing.
Results
To study the effects of AnxA1 on tumor development, we injected syngeneic tumor cells into KO and WT congenic mice.
Because AnxA1 can be expressed by some tumor cells (3), we chose Lewis lung carcinoma (LLC) cells, which readily express AnxA1 in cell culture and in tumors in vivo, and B16 melanoma cells, which do not [supporting information (SI) Fig. S1 A and B] . With s.c. injection of tumor cells, both tumors grow rapidly in the skin and the LLC tumors also produce spontaneous lung metastases. Western blots verified the absence of AnxA1 in lung and skin from KO mice ( Fig. S1 C and D) . We tracked tumor volume over time and found that growth of both B16 and LLC tumors was greatly retarded in KO mice ( Fig. 1 A and B ; P Ͻ 0.05). After 7 weeks, the B16 tumors in the WT mice were nearly 4 times larger than in the KO mice. The LLC tumors after 10 weeks were Ͼ5 times larger in the WT mice than in KO mice.
Tumors in the KO mice appeared to progress much less aggressively than tumors in the WT mice. Survival curves ( Fig.  1 C and D) show that the percentage of surviving mice decreased more rapidly for WT than KO mice (P Ͻ 0.05). Twenty-eight days after B16 cell inoculation, Ͻ 20% of WT animals survived, whereas the KO mice did not reach 20% survival until 45 d. This effect was even more pronounced for LLC tumors, in which Ͻ20% of WT mice but Ͼ80% of KO mice survived after 85 d. Survival was clearly much greater in the KO mice.
The LLC tumor model can produce spontaneous metastases to the lung. Overall, 45% of the WT mice had multiple metastatic lesions in the lungs at the time of death, whereas no metastasis was detected in the KO mice (Fig. 1E) , even when examined Ն3 weeks after the WT mice died. The weight and volume of the lungs of KO mice were normal, whereas the WT mouse lungs weighed twice as much as KO mouse lungs.
In both LLC and B16 tumor models, KO mice showed increased necrotic regions within the developing tumors ( Fig. 2 A and B; P Ͻ 0.05). Although little to no necrosis was evident in the WT mice, necrosis was evident in KO mice (B16 tumors developed visible necrosis as early as 2 weeks after tumor cell implantation) and the necrotic volume increased over time (Fig.  2 A-E) . Tumor section staining confirmed that cells in WT mice looked uniformly robust (Fig. 2 D) whereas significant tumor areas from KO mice exhibited shrinking and dying tumor cells (Fig. 2 E) .
To begin in a non-biased manner to elucidate possible mechanisms underlying retarded tumor growth, we performed a systems analysis of gene expression in the B16 tumors collected from the KO and WT mice (Fig. 3) . Affymetrix mouse genome expression microarrays revealed distinct expression profiles, which were further analyzed using Genomatix software and the Gene Ontology database. Among the 20 most general Gene Ontology categories for biological process, the developmental process was significantly over-represented (Z-score, 9.1). Breakdown of this process into its sub-levels showed several statistically significant over-representations (Z-score Ͼ2.0), including multicellular organismal development, anatomical structure morphogenesis, embryonic development, developmental maturation, anatomical structure formation and development, cellular developmental process, and regulation of developmental process (Fig. 3A) . Death also was over-represented, consistent with our findings of increased necrosis. Most categories were underrepresented or not significantly represented, including stem cell maintenance and anatomical structure regression. Further mining into the most enriched category, anatomical structure development (Z-score, 8.52), showed outstanding over-representation in only 1 of 26 categories, organ development (Fig. 3B) . Next-level breakdown of organ development revealed subcategories for the development of most organs, of which vasculature development was the most over-represented (Fig. 3C) . Further downward hierarchal mining of vasculature development showed statistically significant over-representation in blood vessel development, maturation, morphogenesis, and patterning, as well as angiogenesis, sprouting angiogenesis, and regulation of angiogenesis (Fig. 3D) . By contrast, lymph vessel formation and lymphangiogenesis were not represented. This analysis implicated a special, rather specific, and very interesting role for AnxA1 in distinct vascular processes.
These findings support a novel role for AnxA1 in angiogenesis. AnxA1 appears to be induced in tumor endothelium (5) , and the lack of AnxA1 in KO mice may impair tumor-induced angiogenesis with reduced blood supply explaining retarded tumor growth and metastasis as well as enhanced tumor necrosis and mouse survival. To test this possibility experimentally, we first compared tumor vascularity in KO and WT mice by examining tissue sections from tumors. As detected by CD31 staining, the blood vessel density in both tumor models in the KO mice was one third of that observed for tumors growing in the WT mice (Fig. 4  A-C) . As expected, the WT mice, but not KO mice, exhibited AnxA1 expression in the CD31 ϩ vasculature (data not shown).
Our systems analysis also uncovered a role of AnxA1 in wound healing (after similar sequential downward hierarchal mining of the over-represented categories of another biological process, ''response to stimulus,'' summarized in Fig. S2 ). Wound healing is a multi-step process in which angiogenesis is an essential, physiological response. To determine experimentally whether AnxA1 is functionally important for physiological angiogenesis and wound healing, we made equivalent incisional skin wounds in KO and WT mice of the same age. The KO mice showed a significant delay in wound healing (P Ͻ 0.003). The wounds of the WT mice rapidly became uniformly smaller in size and healed completely within 17 d (data not shown). Equivalent wounds in KO mice failed to heal, with only a 10% reduction in the wound sizes. In other experiments, the wound was loosely sutured to hold the cut skin flaps together. All sutured wounds healed better (Fig. 4 D-F) . By 7 to 8 d after the incision and suturing, the average wound length was reduced 50% in the WT mice. It took nearly twice the time in the KO mice for the wound size to be reduced equally. By 16 d, the wounds of all WT mice were completely healed; however, the KO mice required up to 32 d to heal (Fig. 4D) . ECs are normally quite quiescent and must be stimulated to proliferate and migrate to form new blood vessels. To better understand the possible effects of AnxA1 on vascular endothelium, we performed the well known aortic ring assay to assess physiological angiogenesis and EC sprouting (6) . This ex vivo assay is rather selective for vascular cells because it lacks tumor cells as well as many other possible effectors that can influence angiogenesis and the local tissue microenvironment, including immune cells and inflammatory cytokines. The aortic ring cultures derived from KO mice exhibited significantly reduced EC sprouting compared with the WT mice (P Ͻ 0.01; Fig. 4 G and H). The proliferation and migration of ECs averaged Ͼ70% less in the aortas from KO versus WT mice. Adenoviral expression of AnxA1 in the aortic rings of the KO mice readily rescued EC function to nearly 90% of that of the WT mice; control adenovirus had no effect (Fig. 4 G and H) . Consistent with this impairment, we also found that ECs isolated from several different KO tissues grew much more slowly in cell culture than those from WT mice (data not shown). Last, surface AnxA1 expression was induced in the WT but not KO aortic rings. AnxA1 was not detected at the surface of ECs lining freshly isolated aortas but was expressed at the surface in both the aortic rings and the sprouting ECs after 1 week in culture (Fig. 4I ). These data cumulatively support an important role for AnxA1 in vascular EC function and in angiogenesis under conditions clearly independent from other reported annexin functions, including inflammation.
To further elucidate specific molecular mechanisms and possible differences between pathological and physiological angiogenic balance, we analyzed differential gene expression in the B16 tumors and the aortas collected from the KO and WT mice (Fig. 5 A-D and Fig. S3 A and B) . Using the angiogenesis pathway-focused mouse oligo DNA microarray, we readily detected Ͼ80% of these genes in the tumor and/or aorta samples. Different expression profiles between WT and KO mice in both tumors and aortas were observed (Fig. S3 A) . Although expression remained quite constant for most genes, differential expression of genes in angiogenesis pathways was readily evident and quite reproducible (Fig. S3B) .
In tumors, the anti-angiogenic gene TIMP2 was up-regulated in KO mice relative to WT mice ( Fig. 5A ; P Ͻ 0.01), whereas the pro-angiogenic gene SphK1 was down-regulated ( Fig. 5A ; P Ͻ 0.04). Other genes implicated in angiogenesis, TNFRSF12a, MAPK14, and Nrp1, showed no change in expression levels. Genes associated with tumor growth, CTGF (connective tissue growth factor) and CXCL10 [chemokine (C-X-C motif) ligand 10], were also moderately down-regulated (Fig. 5A) . TIMP2 can repress angiogenesis by inhibiting metalloproteinases that degrade extracellular matrix (7), by directly suppressing the proliferation of ECs (8) , and by promoting vessel stability (9) . SphK1 catalyzes the phosphorylation of sphingosine to sphingosine-1-phosphate, which is a key lipid messenger promoting cellular proliferation, migration, survival, and vascular development in both physiological and pathological conditions (10) (11) (12) (13) .
We also detected increased expression for hypoxia-inducible factor 1␣ (HIF1␣; Fig. 5A ), which is likely a direct consequence of increased necrosis and presumed hypoxia (Fig. 2) . Although HIF1␣ is clearly instrumental in promoting angiogenesis (14) , its up-regulation was apparently insufficient to compensate in full for the lack of AnxA1. The expression of key HIF1␣-responsive genes such as VEGF and Akt1 appeared quite constant (Fig.  5A) . Consistent with the gene array analysis, Western blots of B16 tumors from KO and WT mice revealed elevated TIMP2 expression, constant levels of Akt1 and Nrp1, and decreased levels of CTGF, CXCL10, and SphK1 in tumors from KO mice (Fig. 5C ). These changes likely contributed to an overall downward switch in the angiogenic profile, quite consistent with the known literature and the decreased angiogenesis and EC sprouting observed in KO mice.
Given that vascular abnormalities are not evident in the KO mice, we were curious if the KO mice compensated for the AnxA1 gene deletion by altering the expression of other genes involved in blood vessel development to reach a new homeostatic set point. The gene expression changes exhibited in freshly excised aortas were quite consistent with those observed earlier for B16 tumors. TIMP2 was significant upregulated in aortas from KO mice ( Fig. 5B ; P Ͻ 0.03), whereas VEGF, TGFb3, TNFRSF12a, PTGS1, PDGF␣, NUDT6, Nrp1, MAPK14, IL12a, CTGF, Angptl4, and TIMP3 showed no change. Other pro-angiogenic factors were also upregulated in aortas from KO mice, including matrix metalloproteinase 2 (MMP2; P Ͻ 0.02), c-fos-induced growth factor (FIGF; P Ͻ 0.07), platelet-derived EC growth factor 1 (ECGF1; P Ͻ 0.06), Akt1 (P Ͻ 0.03), Angpt2 (P Ͻ 0.03), and ␣ chain of type XVIII collagen (Col18a1; P Ͻ 0.07; Fig. 5B ). These factors were not further up-regulated in the tumors and thus may be chronically compensating in the aortas as well as other blood vessels to maintain a normal homeostatic and physiological state by balancing the angiogenic switch that would otherwise be turned even more downward by the increased expression of anti-angiogenic regulator TIMP2 in the absence of AnxA1. ECGF1 acts specifically on ECs to promote angiogenesis in vivo, stimulates the growth of ECs in vitro (15) , and catalyzes the reversible phosphorylation of thymidine to thymine and 2-deoxyribose-1-phosphate, which is critical for angiogenic activity (16) . Col18a1 can be proteolytically cleaved to produce endostatin, an endogenous antiangiogenic factor. Unlike tumors, HIF1␣ expression was not detected and SphK1 expression was low in aortas from both KO and WT mice. This is consistent with the past reports that HIF1␣ (17) and SphK1 (18) are more involved in pathological conditions such as hypoxia and angiogenic tumors than in physiological conditions such as aortas. FIGF is structurally and functionally similar to VEGF-C and is active in angiogenesis, lymphangiogenesis, and EC growth (19, 20) . Western blotting detected increased expression of Col18a1, Akt1, MMP2, Angpt2, TIMP2, and FIGF in the aortas of KO mice; the rescue of AnxA1 using an adenoviral vector expressing AnxA1 in aortic ring cultures derived from KO aorta reversed the changes of expression of these genes (Fig. 5D ), again consistent with the gene expression analysis.
Discussion
Taken together, our data suggest that AnxA1 is a key regulator of pathological angiogenesis and physiological angiogenic balance. When AnxA1 is not present, tumors develop fewer blood vessels, grow more slowly, fail to metastasize, and develop large necrotic cores, all of which likely contribute to increased animal survival. Incisional wounds on KO mice healed far slower than similar wounds on WT mice. The lack of AnxA1 also impaired EC sprouting, which could be rescued by re-expression of AnxA1 in ECs. In KO mice, the balance of pro-and anti-angiogenic factors was altered, apparently to maintain a new physiological balance that allows near-normal overall vascular functionality. However, this altered gene and protein expression appears unable to further up-regulate angiogenesis, which appears necessary for normal tumor development and wound healing.
AnxA1 expression on ECs may serve a unique function in EC sprouting, an important aspect of wound healing and angiogenesis commonly studied in the aortic ring assay. This ex vivo assay is very useful to separate effects on angiogenesis from more indirect effects of inflammation because immune cells and inflammatory factors that can influence angiogenesis and the local tissue microenvironment are not present in the culture system. Aortic rings from KO animals lacked AnxA1 expression and showed significantly fewer vascular sprouts than aortic rings from WT mice. This deficit was not subtle and could be rescued by re-expression of AnxA1. AnxA1 is induced specifically on the luminal surface of vascular ECs in tumors (5), and tumor vasculature does not develop robustly if AnxA1 is lacking. Thus, induction of AnxA1 may play a functional role in recruiting or stabilizing new vasculature, which ultimately supports tumor growth and metastasis. This effect of AnxA1 on angiogenesis is likely not exclusive. Because the AnxA1-null mouse is a global KO, it may have other more indirect effects on angiogenesis. Several functions attributed to AnxA1 may influence tumor angiogenesis and growth as well as wound healing, including inflammation and the infiltration of leucocytes and other bone marrow-derived cells (3) . Future experiments will be needed to determine what role, if any, other possible AnxA1 functions may have on angiogenesis.
Currently known pathways involved in angiogenesis include VEGF, FGF, PDGF, Eph, Wnt, Ang-1, and Delta/Serrate (21, 22) . We have examined the key components in these pathways in our microarray studies (Fig. 5 and Fig. S3 ; summarized in Table  S1 ). None were affected by the AnxA1 KO. Based on this new evidence, we propose a novel AnxA1 pathway in regulating angiogenesis (Fig. S4) . In aortas from KO mice, the increased expression of anti-angiogenic factors TIMP2 and Col18a1 appeared to be offset by increased expression of the pro-angiogenic factors MMP2, FIGF, ECGF1, Akt1, and Angpt2, apparently to maintain a new physiological balance that allows near-normal overall vascular functionality. Various angiogenic ligands interact with their cell surface receptors to initiate signaling to Akt through PI3K. AnxA1 can interact with anionic or other phospholipids and/or with a possible AnxA1 receptor and may positively regulate the PI3K-Akt pathway through a direct signaling mechanism (23) . AnxA1 and MMP2 share positive regulation by transcription factor YB-1 (24) . Therefore, in KO mice, MMP2 can be up-regulated by the same pro-angiogenic transcriptional control, which may be sensitized or stimulated by the absence of AnxA1, which then results in the up-regulation of TIMP2 and Col18a1 as the 2 anti-angiogenic factors both interacting with MMP2. Without the positive regulation of AnxA1 on the PI3K-Akt process, specific pro-angiogenic ligands such as FIGF may have to be up-regulated to maintain angiogenic homeostasis. Yet, the increased levels of TIMP2 and Col18a1 likely decrease angiogenesis in wound healing and aortic vessel sprouting in KO mice (Fig. 4) . In tumors from KO mice, TIMP2 was up-regulated and the pro-angiogenic SphK1 was down-regulated relative to WT mice. Other pro-angiogenic factors (MMP2, FIGF, ECGF1, Akt1, and Angpt2) were not further up-regulated, consistent with the lower levels of angiogenesis. Thus, this reset angiogenic profile may be sufficient for normal functioning even during early embryonic development but cannot fully compensate for all stressors.
AnxA1 KO mice lack obvious defects; their growth is not retarded, they show no defects with blood cell composition, and both the systems analysis and the experimental data support a specific effect on vascular ECs. Thus, it is unlikely that AnxA1 plays a ubiquitous role in cell growth or homeostasis. Furthermore, the lack of obvious vascular defects in KO mice during development (4) suggests that any possible role for AnxA1 in vasculogenesis may be minor or overcome by compensating factors. Our systems analysis of gene expression supports the latter with an apparent resetting of the pro-versus antiangiogenic gene profile switch. But, like eNOS(-/-) and caveolin(-/-) mice that are also viable despite the significant effects seen on tumor angiogenesis, growth, and progression (25, 26) , this apparent overall lack of effect on vasculogenesis does not rule out a more substantial role for AnxA1 in tumor or adult angiogenesis. Although most known angiogenic factors have readily apparent effects on vasculogenesis, usually leading to embryonic lethality [VEGF (27) , VEGFRs (28, 29) , Tie-2 (30) ], AnxA1 appears functionally more specific for angiogenesis than vasculogenesis. By functioning in EC sprouting, which at a minimum requires cell division and movement, induced AnxA1 expression helps mediate the formation and growth of blood vessels in adult tissues and tumors.
Our systems analysis suggests altered angiogenesis function in KO mice that we have confirmed experimentally. Wound healing, tumor angiogenesis, and EC sprouting are impaired without AnxA1 expression. Our microarray analyses of tumors and aortas from KO and WT mice provide further initial insights into the novel mechanisms of AnxA1 in modulating the biological processes of pathological and physiological angiogenesis. A new set point for the angiogenic switch appears to be required to maintain physiological angiogenesis and a normal vascular balance. Host tissue unable to express AnxA1 may attempt to reset the angiogenic switch, but ultimately, when stressed or stimulated, is unable to mediate WT levels of EC sprouting, wound healing, and tumor growth and metastasis. Most significantly, the TIMP2 gene was upregulated in AnxA1 KO experiments, whereas other important angiogenesis genes such as VEGF remained unaffected. Thus, our data suggested a novel molecular mechanism that links AnxA1 and TIMP2 for first time and is independent of VEGF, HIF1, MAPK, and other growth factors and kinases except SphK1. This AnxA1-TIMP2-SphK1 pathway may shed light on the overall mechanisms that govern pathological versus physiological angiogenesis. These data indicate that AnxA1 is not just a tumor-induced vascular biomarker, but also an important factor in activated endothelium as well as a key stromal factor in tumor development, angiogenesis, and wound healing. Although VEGF and related kinase receptors have been targeted for anti-angiogenesis therapy, this novel AnxA1 pathway may serve as an alternative functional target for treating any disease in which angiogenesis is key, including cancer, retinopathies, damaged tissue repair, wound healing following surgery, transplantation, and post-ischemia tissue recovery, possibly with less toxicity and side effects.
Materials and Methods
Mice. AnxA1 KO homozygous and congenic WT counterpart homozygous mice with 129:C57b1/6 mixed background were provided by R.J. Flower (London, United Kingdom) (4) . Breeding colonies of KO and WT mice were maintained in exactly the same conditions at the Sidney Kimmel Cancer Center vivarium and genotypes were confirmed as described (4) . Mice with the same coat color, age, and sex were used in any single experiment for comparison.
Tumor Models. To obtain s.c. tumors, 5 ϫ 10 6 B16 or 10 ϫ 10 6 LLC mouse tumor cells in 200 L of Dulbecco modified Eagle medium were injected s.c.
Systems Analysis and Gene Microarray. The GeneChip mouse genome 430 2.0 array (Affymetrix) was used and the hybridization was performed in the Sidney Kimmel Cancer Center genomics core facility, followed by data analyses using WebArray (31) . Further systems analysis was performed using Genomatix software (Genomatix Software) and Gene Ontology database (32) . The mRNA expression of genes involved in angiogenesis was analyzed with a mouse oligo-array (SuperArray) according to the manufacturer's manual. The gene expression levels were determined using online image data acquisition and analysis software from SuperArray. Student t test was used to determine statistical significance.
More Materials and Methods are in the SI Text in Supporting Information.
